Incineration has been widely used as a means for disposal of municipal, hospital, and industrial hazardous wastes. Its use has been curtailed in recent years because of concern about the emission of toxic byproducts associated with the soot particles, especially chlorinated phenols, aromatic hydrocarbons, polychlorinated dibenzodioxins, and dibenzofurans (1-3). These emissions arise from improper operation of incinerators or from transients (4) (5) (6) in operation during which inadequate temperature and mixing conditions in the combustion zone may lead to incomplete combustion. These transient discharges, also known as puffs, are characterized by large transient emissions of soot and toxic volatile organic hydrocarbons (47) . Although they are relatively rare during incinerator operation, puffs contribute a major fraction of the toxic compounds in incinerator effluent.
For example, Wendt (3) demonstrated in a toluene-fed kiln that puffs can emit approximately 10 ,000 ppm of hydrocarbons for a period of about 20 seconds. Depending on the precursor chemistry, additional reactions downstream of the high temperature regions may lead to the formation of dioxins (8) . Atmospheric transport of incinerator emissions may result in wide-spread dispersal and subsequent deposition of these particles in various environmental matrices (9) including soil, water, and vegetation (10) .
Dioxin and dioxinlike compounds constitute a diverse and important group of contaminants widely spread in the environment, where they persist as complex mixtures (7, 11, 12) . One particular compound, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), has been the subject of considerable concern with regard to incinerator emissions. TCDD and related halogenated aromatic hydrocarbons, including 2,3,7,8-tetrachlorodibenzofuran (TCDF), produce a wide variety of species-and tissue-specific toxic and biological effects, such as teratogenesis, immunotoxicity, hepatotoxicity, tumor promotion, and induction of numerous enzymes, including microsomal cytochrome P4501A1 (CYPlAI) (7, 13) . Many hazardous waste sites contain chlorinated solvents, induding trichloroethylene (TCE). For example, the McClellan Air Force Base in Sacramento (California) contains soil that is heavily contaminated by TCE; it was used as a cleaning agent on aircraft. Earlier experiments by Blankenship et al. (14) found that extracts from soot aerosols formed during the combustion of TCE exhibited a dioxinlike response when subjected to a keratinocyte bioassay. These experiments showed that all of the hazardous material was associated with the aerosol and that little was found in the gas phase of the flames. Chemical analyses of the soot extracts indicated that, at picomole levels, TCDD/ TCDF were not detected, suggesting that chlorinated fulvalenes, among other chlorinated hydrocarbons, were major components of the mixture and that these may have been responsible for the toxic response. Because of its environmental importance and in view of the previous experience with toxic TCE aerosols, TCE was chosen as the model waste for this study.
Although conventional chemical analyses of incineration by-products identify compounds of known toxicity, they often fail to indicate the presence of other chemicals which may also pose health risks. The purpose of the present investigation was to verify whether materials with dioxinlike properties were present in the chemically or an equivalent volume of ethanol (carrier control) was added to the medium. Cells from control and treatment groups were always obtained from the same fish.
After 48 hr of exposure, cells were gently scraped off the dishes with a teflon rod and placed in individual centrifuge tubes. Tubes were centrifuged at 150g for 2 min at 40C to separate media from cells. Resultant cell pellet was resuspended in 1 ml of 0.1 M phosphate buffer, pH 7.5 (80mM Na2HPO4, 20 mM NaH2PO4) with 20% glycerol and sonicated for 5 sec on ice. Cell homogenates and media were immediately frozen on dry ice and stored at -80°C until assays were performed.
Determinations of vitellogenin (Vg) and albumin (Alb) released into the cell culture media and cellular CYPlAl content were estimated by indirect ELISA as described (26, 27) using monoclonal (MAb) anti-trout Vg (MAb SD6C) (28), polyclonal rabbit anti-trout Alb, and anti-scup CYPlAl (MAb (31) .
In the assay, hepatic cytosol prepared from male Hartley guinea pigs (250-300 g; Michigan Department of Public Health, Lansing, MI), was suspended in ice-cold HEDG buffer (25 mM HEPES, pH 7.5, 1 mM EDTA, 1 mM dithiothreitol, 10% (v/v) glycerol) and aliquots were stored at -80°C as previously described (32, 33) . Protein concentrations were measured by the method of Bradford (34) 
Embryo Toxicity Assay
The combined percentage of normal development for all controls was above 90 (Table  2) . Greatest toxicity was seen after exposure to WE ( (Tables 2 and 3; Fig. 2). Results with fractions 2 and 4 were similar: no more than 29% of the exposed embryos developed abnormally regardless of concentration (Table 2) . Fraction 3 was slightly more toxic than WE over the range of 0.45-2.7 pg/l, and became less toxic at higher concentrations (approximately 65% and 50% of embryos exposed to 18 and 45 pg/l were abnormal) ( Tables 2 and 3 ; Fig. 2 ). The predominant embryonic defect was edema, pronounced in pericardial cavity but also present in the peritoneal cavity and yolk sac (Table 3 and Fig. 3 ). Embryonic mortality was rarely seen. Within the first 6 days of exposure, 13 (1%) out of a combined total of 1280 embryos died. Of these, only 6 (4 deaths in 48 hr or less and 2 delayed hatchings) were observed in controls. During these first 6 days, no symptoms of cardiovascular toxicity (i.e., bradycardia or tachycardia) that would indicate formation of edema were apparent (data not shown). Two to four days later, depending on concentration, mild pericardial edema appeared and progressed rapidly, often leading to death before hatching (Fig. 3) . In these severely affected embryos, the process of heart chamber formation observed as a shunt of blood from left to right was apparently terminated, and a pulsatile single tube had appeared in individual fish who had earlier shown evidence of more developed heart formation. Other lesions included hemostasis, a severe darkening over brain, and larger than normal yolk sac. Cephalic/spinal abnormalities were rare (<0.5%). The highest concentration of WE compatible with control hatch frequency was 7.2 pg/l. Fifty percent of hatchlings exposed to this concentration showed normal structure and were able to inflate swim bladders and move about. The remainder could not inflate swim bladders; edemas became more severe, often extending from pericardial and peritoneal/yolk sac areas to the eyes (Fig. 4) Soot by-products concentration (lag/l) Figure 2 . Effect of incomplete combustion by-products from trichloroethylene soot whole extract (bars) and fractions 1 and 3 on the development of medaka after static non-renewal exposures at embryonic stages. Each point represents the mean of four replicates ± SE, eight embryos per replica. In fraction 1 (0.45 pg/I), one replicate was lost due to bacterial infection. Significant (p<0.05, Wilcoxon's sign-rank test) abnormalities compared to controls were seen at concentrations .7.2 pg/l for whole extract (*), 45 pg/I for Fl (+), and >18 pg/I for F3 (#). ly, at the 3.95 pg/l WE in the absence of 17p-estradiol (Fig. 6 ). Significant depression of albumin synthesis (20-30%) (Fig. 7) . We have previously shown (32) that the TCDD-inducible protein-DNA complex in this position represents the high affinity binding of transformed TCDD-(AhR) complex to doublestranded 32P-labeled DRE. Results indicate that not only does WE gontain a chemical(s) which exhibits dioxinlike activity (i.e., it binds to AhR activating its transformation and DNA binding), but that each of the fractions tested positive in this assay.
Discussion
Transient emissions of soot and toxic volatile organic hydrocarbons or "puffs" (4-6) were modeled in a well-defined laboratory experiment with a laminar diffusion flame. A very complex mixture of halogenated and nonhalogenated aromatic hydrocarbons was found in association with the aerosol that escaped the flame in the same manner that transient puffs escape the oxidation zone of an incinerator. Although the total amounts of these emissions may be small in practice, the present analysis has revealed that their potential toxicity may be significant.
While dioxins and furans are among the compounds of greatest concern that can be found in the effluent of hazardous waste incinerators, and while significant amounts may be released to the environment in this way (35) , attention should not be exclusively directed toward these compounds. Harris et al. (19, 20) found that certain PCB congeners and dioxin, extracted from Lake Ontario rainbow trout skeletal muscle, were toxic to medaka embryos. These compounds are present in Great Lakes biota at concentrations ranging from parts per trillion to parts per billion. It has been proposed that these non-ortho-substituted PCBs may contribute more to the overall toxicity than dioxins, which are present at lower orders of magnitude.
Nearly all chemical species in the mixture studied herein were heavily chlorinated (4-, 5-, 6-Cl) and sometimes perchlorinated. They included benzenes, styrenes, fulvenes, butadienes, fulvalenes, cyclopentadienes, naphthalenes, acenaphthylenes, and phenols. Although many compounds still remain unidentified, it is very likely that these as yet unidentified organics were configurational isomers of the main compounds just mentioned, given the possible mathematical combinations of chlorine substitutions across the many double bonds. Despite the absence of 2,3,7,8-TCDD and -TCDF, it is conceivable that other chlorinated dioxins, dibenzofurans, and related chemicals were present.
Results of this study confirm and extend previous work showing the presence of dioxinlike compounds (14) in this complex soot mixture and demonstrate that the WE and fractions 3 and 1 (products of mixed polarity and no polarity, respectively) caused toxicity and exhibited biological activity. The major developmental toxicity endpoint of this study was edema of pericardial cavity with extension to peritoneal cavity and yolk sac. Severe pericardial edema was accompanied by an uncoiling of the fused endocardial tube. This defect resulted in a reversal of initial chamber formation to that of a single, pulsatile tube. The latter, normally seen at an earlier stage a0 .a~~~~~ia in Soot WE (gg/l) + 17P-Estradiol (1 gM) Figure 6 . Effect of various concentrations of whole extract (WE) on vitellogenin and CYPlAl protein levels in rainbow trout liver cells simultaneously exposed to 1 pM 17p-estradiol or carrier control. Error bars = standard deviation. Significant (p<0.05, ANOVA) depression of vitellogenin (all concentrations) and increase in CYPlAl protein (all concentrations), indicated by asterisks, is relative to 17f-estradiol-only control. Number of dishes per treatment = 3-4, with duplicate determinations per dish. of development, was also accompanied by apparent rupture of the posterior pericardial membrane with release of fluid into peritoneal cavity. These changes resembled those reported after exposure to dioxin or dioxinlike compounds (12, (38) (39) (40) (41) by late embryo and larval stages of rainbow (36) and lake trout (37) , medaka (18) , chick, fish-eating birds (terns, herons, double crested cormorants, and herring gulls), and rodents. Furthermore, the generation of toxicity in medaka embryos exposed to TCE soot resembled that of TCDD, where early development proceeded normally and was followed by a gradual progression of cardiotoxicity.
Histopathological studies have suggested that edema of endothelial cells and myocardial interstitium was an important early stage in cardiotoxicity (37 (38) . Wisk and Cooper (47) exposed medaka embryos to dioxin (.10 ng/l) or beta-naphthoflavone (BNF; 50 pg/1) and found increased activity of benzo(a)pyrene hydroxylase. Induction of these CYP1A-associated enzymes over a period of days suggests that embryos have an intact AhRmediated activation pathway. However, while benzo(a)pyrene hydroxylase induction, hemorrhage, and edema were seen in some medaka after dioxin treatment, others showed similar induction but no vascular changes at nontoxic levels of BNF. This suggests that CYPlA induction is not a prerequisite of cardiotoxicity. Nevertheless, the importance of AhR mediated events in embryonic cardiovascular toxicity needs further study.
While we are not aware of these types of studies in fish, investigations in other animal models have shown interaction between the CYPIA-AhR system and other CYP isoforms. These linkages involve metabolic alterations of endogenous substrates through biochemical pathways, which include antioxidant enzymes, metallothioneins, heat shock proteins, steroid receptors, oncogenes, tumor suppresor genes, glutathione, and GSTs (45) . Possible involvement of rodent CYP1 B1 in edematous lesions and overall dioxinlike toxicity, depending on tissuespecificities, is being investigated. Although highly inducible by TCDD/PAHs (via AhR) and involved in PAH metabolism (48) , the presence of CYPIBI in fish remains to be demonstrated.
Edematous spaces, devoid of cells, were observed in heart, peritoneum, and skin of medaka embryos, a condition similar to that of chickens exposed to TCDD and toxic PCBs (38, 39 This finding may be related to solubility but has persisted over repeated assays. Perhaps combustion by-products of nonpolar and/or intermediate polarity act synergistically in the WE to produce effects whose impact was not apparent when a single fraction was assayed. However, synergism has not been specifically tested. Moreover, direct comparisons of the toxicity of combined fractions with WE are complicated by losses of volatile compounds or the reactivity of constituents like the chlorinated fulvenes and fulvalenes. Thus, evaluation of the toxicity of individual fractions should be viewed as a qualitative guide indicative of the polarity of the most toxic components of WE.
In vitro observations revealed no direct cellular toxicity but vitellogenin in medium was reduced. Fish liver cells are sensitive indicators of exposure to aquatic pollutants that have dioxinlike activity (49) (50) (51) (52) . Hepatocytes and biliary epithelial, and endothelial cells contain the readily inducible enzyme CYP1A1 (45) . The liver plays a key role in reproduction in fish, being a component of the hypothalamic, pituitary, gonadal, and liver reproductive axis (53) . In these oviparous vertebrates, the egg yolk precursor protein vitellogenin is synthesized in the liver and transported by the circulatory system to the developing oocytes. Vitellogenesis is under direct control of estrogens (54) , and since CYPlAIinducing compounds such as dioxin are known antiestrogens in mammals (55) vitro (58, 59) . These effects underscore the importance of conducting direct measurements of enzyme concentration in addition to enzyme activity.
Trout liver cells exposed simultaneously to noncytotoxic concentrations of 17,1-estradiol and WE showed much less vitellogenin in medium than did similar cells exposed to 173-estradiol alone. Vitellogenin levels and CYPlAl protein appeared to be negatively correlated. Higher concentrations (3.95-25 pg/l) of the extract may affect the secretory capacity of liver cells; however, even at the 0.6 pg/l concentration (where albumin synthesis was not depressed) vitellogenin production was still compromised. From the fractions, only fraction 1 showed an effect on CYPlAI protein or EROD activity (both increased), or vitellogenin (reduced). CYPlAI inducing compounds may suppress vitellogenin production in fish liver cells by an antiestrogenic mechanism mediated through the AhR, similar to that described in mammals (60) . We investigated whether this mechanism might apply to teleost liver, since AhR has been identified in this organ (45) .
Numerous studies have revealed that most of the critical and sensitive toxic and biological responses to TCDD and related compounds are mediated by its soluble AhR, to which these chemicals bind with high affinity (7, 13, 61) . After ligand binding, the halogenated aromatic hydrocarbon:AhR complex undergoes transformation into its DNA binding form and translocates into the nucleus (62, 63) . The transformed complex associates with a specific DNA sequence, the dioxin responsive element (DRE), resulting in transcriptional activation of adjacent responsive genes (63) (64) (65) (66) . Since previous studies have demonstrated a high correlation between binding of a chemical to the AhR and its degree of toxicity, the relative biological/toxicological potency of complex mixtures of chemicals can be estimated by measuring the ability of an unknown chemical/mixture to activate the AhR or an AhR-dependent response (61, 67) . Previously, we have utilized a gel retardation DNA binding assay to demonstrate that transformed TCDD:AhR complexes, formed in vitro, can bind to a DRE oligonucleotide specifically and with high affinity, mimicking that which occurs in vivo (32, 65, 66) . Since there appears to be an excellent correlation between the ability of a given chemical to stimulate AhR transformation/DNA binding and its ability to activate gene expression, this technique has been utilized as a sensitive bioassay for the detection of dioxinlike chemicals (33 
